Fasting evokes a homeostatic response that maintains circulating levels of energy-rich metabolites and increases the drive to eat. Centrally, this reflex activates a small population of hypothalamic neurons that are characterized by the expression of AgRP, a neuropeptide with an extremely restricted distribution. Apart from the hypothalamus, the only other site with substantial expression is the adrenal gland, but there is disagreement about which cells synthesize AgRP. Using immunohistochemistry, flow cytometry, and reverse transcription-polymerase chain reaction, we show AgRP is present in the mouse adrenal medulla and is expressed by neuroendocrine chromaffin cells that also synthesize the catecholamines and neuropeptide Y. Short-term fasting led to an increase in adrenal AgRP expression. Because AgRP can act as an antagonist at MC3/4 receptors, we tested whether melanotan II, an MC3/4 receptor agonist, could regulate pre-and postsynaptic signaling within the adrenal medulla. Melanotan II decreased the paired-pulse ratio of evoked synaptic currents recorded in chromaffin cells; this effect was blocked by exogenous AgRP. In contrast, neither melanotan II nor AgRP altered the optogenetically evoked release of catecholamines from isolated chromaffin cells. These results are consistent with the idea that AgRP regulates the strength of the sympathetic input by modulation of presynaptic MC3/4 receptors located on preganglionic neurons. We conclude that a small population of neuroendocrine cells in the adrenal medulla, and the arcuate nucleus of the hypothalamus, express AgRP and neuropeptide Y and are functionally involved in the systemic response to fasting. (Endocrinology 158: 2572(Endocrinology 158: -2584(Endocrinology 158: , 2017 
F ood deprivation and other metabolic stressors that can result in hypoglycemia evoke a counter-regulatory response (1, 2) . In the periphery, this includes an increase in the circulating level of hormones that elevate glucose availability, whereas centrally the response to fasting involves a modulation of the circuitry that controls food intake, detects changes in blood glucose and coordinates the systemic response. These central and peripheral components interact. Critical to the central response to fasting are hypothalamic arcuate neurons that synthesize both neuropeptide Y (NPY) and AgRP. These interoceptive neurons are metabolic sensors that monitor the levels of blood-borne factors involved in the peripheral response (3) . Optogenetic or pharmacological activation of these cells increases food intake, whereas their inhibition reduces food consumption (4, 5) . The depletion of AgRP neurons in adult mice leads to a loss of feeding and rapid starvation (6) , whereas fasting is associated with a change in their activity (7) (8) (9) . By modulating the activity of the arcuate AgRP/NPY neurons, peripheral signals are thus thought to increase (ghrelin) or decrease (insulin, leptin) the systemic response to a metabolic stressor (10, 11) .
An unusual feature of these hypothalamic arcuate neurons that has facilitated the study of their functional role is their distinctive neurochemical phenotype (12, 13) . Although NPY (and GABA, their classical transmitter) are ubiquitous in the nervous system, AgRP expression is highly restricted; the only other site of substantial expression appears to be the adrenal gland (13, 14) .
This peripheral source of AgRP is intriguing given that the hypothalamic, pituitary, and adrenal axis is also involved in metabolic regulation. Food deprivation evokes glucocorticoid release from the adrenal cortex and epinephrine from the adrenal medulla, and both hormones increase plasma glucose levels (15, 16) , contributing to the restoration of euglycemia. Fasting also increases both arcuate and adrenal expression of AgRP messenger RNA (mRNA) (12, 17) , suggesting a conservation of function. However, the identity of the adrenal cells that express AgRP has been controversial. Although exogenous AgRP can inhibit glucocorticoid secretion from bovine (18, 19) and rat cortical cells (20) , initial in situ hybridization studies in rodents localized the peptide to the adrenal medulla, which is part of the sympathetic nervous system (13) . In contrast, a later report argued that this arose from a misidentification of adrenal zones and concluded that AgRP expression was restricted to cells in the adrenal cortex (17) . In AgRP knockout mice, expression of the lacZ reporter was observed in cells in the medulla (21) .
Given the widespread use of AgRP transgenic lines to study the control of metabolism, we decided to reexamine which adrenal cells expressed AgRP. The adrenal contains a diverse array of steroidal, neuroendocrine, and immune cells, not all of which are likely to be involved in the response to fasting (22) (23) (24) . Using a variety of approaches, we find that this peptide is expressed by chromaffin cells, which also synthesize NPY. We confirmed that fasting led to an increase in the adrenal levels of AgRP and found that this involves a change in expression in chromaffin cells. Because AgRP can act as an antagonist at MC3/4 (melanocortin) receptors, we tested whether an agonist of these receptors could modulate the function of the adrenal medulla. Melanotan II did not alter catecholamine secretion from isolated chromaffin cells, but increased the strength of the preganglionic → chromaffin cells synapse; this effect was prevented by AgRP. Thus we find that an autonomic component of the fasting pathway unexpectedly uses the same peptide neurotransmitters as the small hypothalamic circuit that is central to the systemic response to metabolic stress.
Materials and Methods

Animals and food deprivation paradigm
C57BL/6J wild-type mice, ChR-tdTomato(B6.CgGt(ROSA)26Sor tm27.1(CAG-COP4*H134R/tdTomato)Hze /J (stock no. 012567); Ai27D (25) , ChR-EYFP (B6;129S-Gt(ROSA) 26Sor tm32(CAG-COP4*H134R/EYFP)Hze /J (stock no. 012569, Ai32) (25) , and NPY[green fluorescent protein (GFP)] mice (B6.FVB-Tg(Npy-hrGFP)1Lowl/J (stock no. 00641) (26) were purchased from The Jackson Laboratory. TH-cre (B6.FVB(Cg)-Tg(Th-cre)FI172Gsat/Mmucd (stock no. 031029-UCD) (27) was purchased from the Mutant Mouse Resource and Research Centers. Paired littermates were food-deprived for 24 hours from the start of the dark cycle; water was available ad libitum. In experiments involving insulin-induced hypoglycemia, paired littermates were food-deprived for 3 hours and then injected intraperitoneally with 2.5 U/kg insulin (Sigma, no. I2643) or vehicle as described (28) . Food was returned 1 hour after injection and mice were euthanized 1 day later. Blood glucose was quantified using a handheld monitor (OptiumEZ, Abbott Diabetes Care Inc.). Experiments used both male and female animals that were euthanized either by decapitation or pentobarbital (150 mg/kg). All experiments involving animals were approved by the Animal Care and Use Committee at Louisiana State University Health Sciences Center.
Cell culture
Chromaffin cells were dissociated from the adrenal medulla of P24-60 mice as described (29) . In brief, the medulla was separated from the cortex and incubated in HEPES-buffered salt solution (in millimolar: 138 NaCl, 5.3 KCl, 0.44 KH 2 PO 4 , 4 NaHCO 3 , 0.3 Na 2 HPO 4 , 20 HEPES, and 5.5 glucose, pH 7.25, with NaOH) containing 1 mg/mL collagenase type IA and 6 mg/mL bovine serum albumin (BSA) for 15 minutes at 37°C followed by incubation in 1 mg/mL trypsin and 6 mg/mL BSA for 30 minutes at 37°C. After digestion, the medulla was triturated using a fire-polished Pasteur pipette, and cells were plated on poly-d-lysine-coated coverslips in culture medium [Dulbecco's modified Eagle medium (DMEM)/10% fetal calf serum (FCS)]. Superior cervical ganglia were obtained from P31 mice. Ganglia were desheathed using forceps and then digested and triturated as described previously for the adrenal medulla. Cells were plated in DMEM/10% FCS and then fixed within 6 hours after dissociation.
Fluorescence-activated cell sorting
Adrenal glands were isolated from a female P47 NPY(GFP) mouse and the medulla was digested as described previously. Cells were collected by centrifugation (200g for 3.5 minutes) and resuspended in 0.5 mL DMEM/1% FCS at a density of ;2.5 3 10 4 cells/mL. Cells were subsequently sorted using a FACSAria and collected in DMEM/1% FCS. Sorted GFP cells were collected by centrifugation (2300g for 3 minutes) and resuspended in 100 mL Hanks balanced salt solution. TRIzol (200 mL; Invitrogen) was added to the suspension, which was then incubated at room temperature for 5 minutes before storage at 220°C for further RNA extraction.
Reverse transcription polymerase chain reaction and molecular biology mRNA was extracted from adrenal medulla and brain using TRIzol following the manufacturer's instruction. Samples were treated with DNase (30) and purified using an RNeasy purification kit (Qiagen 
Immunohistochemistry
Adrenal glands were dissected free of fat, fixed in 4% paraformaldehyde in PBS overnight at room temperature or 1 hour at 4°C, and then transferred to PBS/30% sucrose for 24 to 48 hours. To make frozen sections, the glands were snap frozen in 2-methylbutane on dry ice, embedded in CryoMatrix medium, sectioned (30 mm), and then mounted on Superfrost slides or stained as floating sections. For immunofluorescence staining, sections were permeabilized and blocked (5% IgG-free BSA + 0.3% Triton in PBS) for 2 hours at room temperature.
After washing in PBS, sections were incubated in 50 mM glycine or 2 mg/mL NaBH 4 in PBS for 30 minutes, then reblocked (5% IgGfree BSA + 0.05% Triton in PBS) for 30 minutes. Sections were subsequently incubated overnight at 4°C in primary antibody. After washing, sections were incubated in secondary antibody for 90 minutes at room temperature, then washed and mounted in Vectashield. To colocalize AgRP-immunoreactive (ir) with adrenal zone markers in fed mice [Fig 1(b) ], most sections were first stained for zonal markers and then incubated overnight at room temperature in goat anti-AgRP (1:2000) . After washing, sections were incubated in donkey anti-goat horseradish peroxidase (1:250; Jackson ImmunoResearch) and staining was subsequently revealed using TSA-Cy3 reagent (1:50, PerkinElmer). Sections were then stained with 4 0 ,6-diamidino-2-phenylindole for 15 minutes (1 mg/mL) and mounted in Vectashield. Primary antibodies were goat anti-AgRP (1:200; direct immunofluorescence), rabbit anti-TH (1:200; Cell Signaling Technology; #2792), rabbit anti-NPY (1:10,000), rabbit anti-AKR1C1 (1:1000; GeneTex; GTX105620; RRID: AB_1949621), and guinea pig anti-PNMT (1:200) and DTAFstreptavidin (1:5000; Jackson ImmunoResearch; 016-010-084; RRID: AB_2337236).
For immunoperoxidase staining, adrenal sections were washed in PBS/0.05% Triton and then incubated overnight at 4°C in 1:2000 goat anti-AgRP in PBS/1% BSA/0.3% Triton. Sections were washed, and endogenous peroxidase activity was quenched in 3% H 2 O 2 for 40 minutes. Sections were then incubated in donkey anti-goat horseradish peroxidase (1:250; Jackson ImmunoResearch) in PBS/1% BSA/0.05% Triton for 90 minutes at room temperature. Staining was subsequently revealed using diaminobenzidine as a chromogen (ImmPACT DAB kit; Vector Laboratories), and sections were mounted in a glycerol-based mounting medium.
Primary antibody specificities
We have previously shown the AgRP antibody stains INS-1 endocrine cells following transfection with the mouse AgRP complementary DNA clone and the antibody does not cross-react with NPY (30) . The NPY antibody recognizes NPY-expressing adrenal chromaffin cells identified in an NPY(GFP) BAC transgenic mouse, and staining is absent in chromaffin cells from NPY knockout animals (29) . Both TH antibodies selectively stain the adrenal medulla consistent with the known expression of the catecholamines and both label a ;50 kDa band in Western blots from PC12 cells (manufacturer's data) consistent with the recognition of rodent TH. The PNMT antibody labels a subpopulation of chromaffin cells (29, 32) consistent with the known expression of this enzyme (33) . The AKR1C1 antibody recognizes an ;37 kDa band in HepG2 cells consistent with the size of this enzyme and its expression in liver (manufacturer's data). In adrenal sections, AKR1C1-ir was localized to a supramedullary zone that was sex-specific consistent with the absence of the X-zone (and thus AKR1C1 expression) in adult male mice (34) .
Image analysis
Images were obtained with a Nikon TE2000U microscope, 34, 310, and 360 oil-immersion (1.4 numerical aperture) objectives, a Lambda DG-4 wavelength switcher (Sutter Instruments), and a Retiga 1300 monochrome camera. Images were captured and deconvolved (360 images) using NIS-Elements (Nikon) software. Origin Pro7, Excel, and ImageJ (Rasband 
Amperometry
Chromaffin cells were isolated as described previously and plated on poly-d-lysine-coated dishes. Amperometric recordings were made from single chromaffin cells after 1 to 9 days in culture as described (29, 31) . Recordings were made with carbon fiber electrodes that were coated with Sylgard and mounted on the head stage of a Multiclamp 700A amplifier (Molecular Devices). Electrodes were held at 700 mV and current was sampled at 5 kHz and filtered at 2 kHz. During an experiment, cells were superfused with extracellular solution (in millimolar: 135 NaCl, 3 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 5.5 glucose, pH 7.3, with NaOH) at room temperature. To examine the effect of melanotan II and AgRP on catecholamine release, secretion was evoked optogenetically or by the puffed application of nicotine. For optogenetically evoked secretion, chromaffin cells were isolated from TH-cre 3 ChR-tdTomato or TH-cre 3 ChR-EYFP mice and plated in vitro as described previously. Secretion was evoked by brief exposure to 470-nm light from a fiber-coupled laser-emitting diode (Thorlabs). Light exposure was triggered by transistortransistor logic pulses from a Digidata 1322A (in most cases using two 20-ms flashes separated by 50 ms repeated with a 1-second interval). For agonist-evoked release, secretion was elicited from single cells from wild-type animals by focal application of 100 mM nicotine from a patch pipette placed close to the recorded cell. Each application was controlled using a Picospritzer (1-second application with a 30-second interapplication interval).
Slice electrophysiology
Adrenal glands were isolated from P30-40 male mice and embedded in 3.5% low-melting-point agarose, and 350-mm slices were prepared in ice-cold slicing solution (in millimolar: 81.2 NaCl, 2.4 KCl, 0.5 CaCl 2 , 6.7 MgCl 2 , 1.4 NaH 2 PO 4 , 23.4 NaHCO 3 , 23.3 glucose, and 69.9 sucrose, pH 7.4) using a Leica VT1000 Vibratome. Slices were transferred to artificial cerebrospinal fluid (ACSF; in millimolar: 125 NaCl, 2.5 KCl, 0.5 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 25 glucose, pH 7.4) for 100 minutes at 37°C, then held at room temperature until recordings were made as described (28) . All solutions were saturated with 95% O 2 /5% CO 2 . Slices were superfused with ACSF containing 0.5 mM Ca 2+ and recordings were made at 31°C to 33°C. Chromaffin cells were voltage clamped using patch electrodes (5-7 MV) that were filled with intracellular solution (in millimolar: 120 Cs acetate, 10 EGTA-Cs, 0.4 MgCl 2 , 1 CaCl 2 , 1.5 Na 2 ATP, 0.4 Na 2 GTP, 2.5 MgATP, 1 lidocaine N-ethyl bromide (QX-314), 5 tetraethylammonium chloride, and 10 HEPES, pH 7.25, with CsOH). Synaptic currents were recorded in chromaffin cells voltage clamped at 260 mV and were evoked by stimulating the preganglionic axon with a focal electrode (3-6 MV) that was filled with ACSF and placed close (20 to 100 mm) to the postsynaptic chromaffin cell. Series resistance was compensated by 80% and monitored throughout the experiment. If the value changed .20%, the recorded cell was excluded from analysis. To examine the effect of melanotan II and AgRP on synaptic efficacy, slices were incubated in ACSF (containing 0.5 mM Ca 2+ ) with 1 mM melanotan II or 1 mM melanotan II plus 200 nM AgRP for 3 to 6 hours and then recordings were made in agonist-free ACSF. To quantify synaptic plasticity, the paired pulse ratio (PPR) of evoked excitatory postsynaptic currents (EPSCs; 10 to 90 events per cell) was monitored by stimulating the presynaptic input with two depolarizations (each 1 ms) separated by a 50-ms interval; the protocol was repeated every 10 seconds. The PPR of excitatory postsynaptic currents was calculated by dividing the amplitude of the second EPSC by that of the first (PPR = EPSC 2 /EPSC 1 ).
Statistical tests
Comparisons between groups that contained normally distributed data (assessed using the Shapiro-Wilk test) were made using analysis of variance (Tukey post hoc). The Wilcoxon rank sum test was used for non-normal data, and the KolmogorovSmirnov test was used to analyze cumulative distributions. R (3.3.1; GUI Rcmdr 2.2-5), Clampfit, and OriginPro7 were used for analysis. All values are mean 6 standard error of the mean (SEM) and P , 0.05 was considered significant.
Results
AgRP is expressed by adrenal medullary chromaffin cells
The distribution of AgRP in rodents is highly restricted. Apart from a population of AgRP/NPY neurons in the arcuate nucleus, the other main site of mRNA expression is the adrenal (13, 14) . However, which adrenal cells contain AgRP is unclear (13, 17) . The adrenal medulla is part of the sympathetic nervous system and contains neuroendocrine chromaffin cells that secrete the catecholamines epinephrine and norepinephrine. In contrast, the adrenal cortex has a different developmental origin, and cells in this area synthesize steroid hormones including corticosterone and aldosterone. To reexamine the question of localization, we used an AgRP-specific antibody (30) to stain sections of the mouse adrenal gland. Using immunoperoxidase staining, AgRP-ir cells were found scattered throughout the inner region of the gland but were not observed in the cortex [ Fig. 1(a) ]. To confirm the AgRP-ir cells were located in the medulla, we used a dual immunofluorescence approach and costained adrenal sections for AgRP and TH, a marker of catecholamine synthesis and NPY, a cotransmitter in mouse chromaffin cells (29) . The AgRP-ir cells colocalized with both of these markers of the adrenal medulla [ Fig. 1(b) ]. Some AgRP-ir cells were also PNMT-ir, indicating that they synthesized epinephrine. In contrast, AgRP-ir did not overlap with AKR1C1-ir [ Fig. 1(b) ], which selectively labels the X-zone in mice (34) and did not colocalize with cells identified with fluorescently labeled streptavidin [ Fig. 1(b) ], which reveals all steroidogenic cells in the adrenal gland (35) . When chromaffin cells were stained in vitro, the same colocalization of AgRP-ir with TH-, NPY-, and PNMT-ir was observed. Furthermore the AgRP-ir was punctate as expected for a neuropeptide that enters the regulated secretory pathway (Supplemental Fig. 1) .
These results indicate that the AgRP-ir cells were chromaffin cells located within the adrenal medulla. However, when we quantified the levels of AgRP-ir in individual chromaffin cells in vitro, the intensity distribution was skewed, with a large fraction of cells having low levels of staining [ Fig. 1(c) , left]. To clarify what fraction was genuinely AgRP-ir, we determined background staining using superior cervical ganglion neurons, which have not been reported to express AgRP. The distribution of AgRP-ir intensity in superior cervical ganglion neurons was well-fit with a single Gaussian distribution [ Fig. 1(c) , middle]. Background subtraction then revealed the population of stained chromaffin cells [ Fig. 1(c) , right]. Group data indicated that a subset of chromaffin cells were authentically AgRP-ir (21 6 0.6%; mean 6 SEM, n = 3, $111 cells per experiment).
Because chromaffin cells synthesize either epinephrine or norepinephrine and are activated under different physiological conditions, we next determined which chromaffin cells contained AgRP. PNMT-ir was used to identify epinephrine-synthesizing chromaffin cells [ Fig. 1(d) ]. In the experiment shown in Fig. 1(d) , most AgRP-ir chromaffin cells were PNMT positive; this was consistent with the group data (63 6 7%, mean 6 SEM, n = 3, $105 cells per experiment). Using reverse transcription PCR (RT-PCR), we confirmed that the adrenal medulla contains AgRP mRNA [ Fig. 1(e) ]. Next, because all mouse chromaffin cells synthesize NPY as a cotransmitter with the catecholamines (29), we dissociated the adrenal medulla from an NPY(GFP) BAC transgenic mouse (26) and used flow cytometry to isolate a pure population of GFP-expressing cells. We confirmed that, as in wild-type mice, the adrenal AgRP-ir cells in NPY(GFP) mice were confined to the medulla, which was identified by the expression of GFP [ Fig. 2(a) ]. The fluorescence-activated cell-sorted GFPexpressing cells [ Fig. 2(b) ] were used in an RT-PCR reaction, which showed that the NPY(GFP)-positive population contained both TH and AgRP mRNA. In contrast, the GFP-negative cells lacked both of these markers as expected [ Fig. 2(c) ]. From these experiments we conclude that AgRP is present in chromaffin cells in the adrenal medulla.
Adrenal AgRP expression is regulated by metabolic state
During fasting, there is a decrease in the sympathetic output to many tissues, presumably to conserve energy reserves. However, two important exceptions are a fasting-induced increase in sympathetic traffic to some white adipose tissue depots and to the adrenal medulla (36, 37) . The latter leads to elevated levels of circulating epinephrine during food deprivation (37) and contributes to the fasting-induced increase in hepatic gluconeogenesis (38) . We next determined whether food deprivation altered the adrenal expression of AgRP. Mice were fooddeprived for 24 hours and the levels of AgRP-ir were quantified in cells in the medulla in adrenal sections from fed and fasted littermates [ Fig. 3(a) ]. The AgRP-ir intensity distribution from fed and fasted animals was bimodal [ Fig. 3(b) ]. Fasting resulted in a significant increase in AgRP-ir, as shown by the rightward shift in the cumulative intensity distribution [ Fig. 3(c)] . A fasting-induced increase in AgRP expression was also observed when the levels of AgRP-ir were quantified in vitro from chromaffin cells dissociated from fed and fasted littermates [ Fig. 3(d)  and 3(e) ]. These results are consistent with previous reports that showed that food deprivation increased the adrenal level of AgRP mRNA (17, 39) .
To examine whether a metabolic challenge other than fasting could alter the expression of AgRP, the adrenal levels of AgRP-ir were quantified from mice after exposure to insulin-induced hypoglycemia [ Fig. 3(f) ]. The dose of insulin (2.5 U/kg) was chosen to ensure that blood glucose levels fell below ;60 mg/dL, the threshold for evoking epinephrine release (15) . AgRP-ir was quantified 1 day after insulin injection because previous work has shown that insulin-induced hypoglycemia produces a delayed rise in the level of other adrenal neuropeptide cotransmitters (40, 41) . Insulin treatment produced a marked hypoglycemia when measured 1 hour after injection, but had returned close to basal levels when measured 1 day later [ Fig. 3(g) ]. However, there was no difference in the levels of adrenal AgRP-ir between control and insulin-injected animals when measured 1 day after insulin injection [ Fig. 3(h) ], perhaps because insulin-induced hypoglycemia is a relatively acute metabolic stress (or that any change is below the limit of detection).
Melanocortin receptors regulate signaling within the adrenal medulla
Because AgRP is expressed in chromaffin cells, what is the function of the secreted peptide? Although AgRP is found in the systemic circulation, adrenalectomy does not alter the plasma levels of AgRP (42); thus, an autocrine or paracrine site of action for AgRP within the adrenal is more likely than action at a distant target. AgRP can act as an endogenous antagonist at melanocortin 3 and 4 receptors (14) and mRNA for both receptors have been reported in the adrenal (18, 20, 43 ), but whether they directly regulate the function of the medulla is not clear.
We tested whether activation of melanocortin receptors could alter catecholamine secretion postsynaptically by acting directly on the chromaffin cells. Secretion was quantified from single cells in vitro using carbon fiber amperometry in the absence and presence of melanotan II, a nonselective melanocortin agonist of MC3/4 receptors. Because these G-protein-coupled receptors can signal via a cyclic adenosine monophosphate-mediated pathway, we evoked secretion optogenetically rather than by voltage clamp depolarizations (29) to avoid cell dialysis. Channelrhodopsin was expressed in chromaffin cells by crossing TH-cre and ChR-tdTomato mouse lines. Control experiments indicated that ChR-tdTomato expression was limited to chromaffin cells, and light-evoked catecholamine secretion did not occur in the absence of channelrhodopsin expression (Y. Ma, Q. Wang, and M. Whim, unpublished data). A double flash protocol repeated at 1 Hz was used to evoke catecholamine secretion and 100 nM melanotan II was superfused over the recorded cell. In the sample recording in Fig. 4(a) , melanotan II did not result in an obvious change in release. Secretion was then quantified as a cumulative amperometric amplitude distribution [ Fig.  4(b) ]. The averaged release curve from multiple cells [white line in Fig. 4(b) ] appeared linear with no change in the gradient following melanotan II application. Catecholamine secretion before and after melanotan II application was not significantly different [ Fig. 4(b) , right]. To confirm that secretion could be modulated, 10 mM nicotine was subsequently bath applied to each recorded cell. This agonist evoked a large increase in the frequency of amperometric events, as seen in the sample recording in Fig. 4(c) . The change in release was also evident in the cumulative amplitude distributions [ Fig. 4(d) , left]. Group data showed that nicotine led to a significant increase in catecholamine release [ Fig. 4(d), right] .
These results suggest that functional MC3/4 receptors are not expressed by chromaffin cells. However, a recent study has shown that AgRP can regulate excitability via modulation of an inwardly rectifying potassium channel and that this action is independent of a-melanocyte-stimulating hormone (a-MSH) (44) . We therefore examined whether AgRP alone could regulate catecholamine release. As shown in Fig. 4 (e) and 4(f), bath application of 100 nM AgRP did not alter optogenetically evoked catecholamine release. Group data confirmed that neither 10 nor 100 nM AgRP significantly altered catecholamine release [ Fig. 4(g) ].
These experiments measured catecholamine secretion evoked by direct depolarization; however, in chicken sympathetic neurons, substance P is reported to suppress norepinephrine release from postganglionic neurons by increasing the desensitization rate of nicotinic acetylcholine receptors (45) . We considered the possibility that AgRP might regulate secretion from chromaffin cells in a similar manner. To test this idea, we evoked catecholamine release from isolated chromaffin cells using the puffed application of nicotine and quantified catecholamine secretion using amperometry in the presence and absence of exogenous AgRP. As shown in Fig. 4(h) and 4(i) , the bath application of 100 nM AgRP did not markedly alter catecholamine release. Group data [ Fig. 4(j) ] showed that release before and after treatment with 100 nM AgRP was not significantly different (control 1216 6 541 pA vs AgRP 361 6 103 pA, mean 6 SEM summed event amplitude, n = 11, P = 0.065, Wilcoxon rank sum test). Similar experiments using 10 nM AgRP resulted in a small inhibition of release although the effect barely reached significance (control 501 6 148 pA vs AgRP 213 6 79 pA, n = 10, P = 0.043). Thus, although there is a trend toward inhibition of nicotine-evoked catecholamine secretion by exogenous AgRP, the effect is quantitatively small.
Because AgRP does not appear to act postsynaptically, we next examined whether melanocortin receptors could regulate the strength of the preganglionic → chromaffin cell synapse. Chromaffin cells were voltage clamped in adrenal slices and excitatory synaptic transmission was evoked by stimulating cholinergic preganglionic axons with a focal electrode [ Fig. 5(a) ]. Transmission was quantified by measuring the PPR of synaptic currents in response to two presynaptic depolarizations separated by 50 ms [Fig. 5(b) . The PPR was significantly lower after application of 1 mM melanotan II indicating an increase in synaptic strength [ Fig. 5(c) ]. Because a change in PPR is usually interpreted as occurring via a presynaptic mechanism (46, 47) , these results are consistent with the idea that activation of melanocortin receptors leads to a presynaptic increase in the strength of the preganglionic → chromaffin cell synapse. To determine whether this effect was modulated by AgRP, the PPR was quantified after the coapplication of melanotan II and AgRP. As shown in Fig. 5(b) and 5(c), this treatment prevented the melanotan II-evoked decrease in PPR. We conclude that one of the roles of AgRP is to regulate the strength of the preganglionic → chromaffin cell synapse.
Discussion
Neuropeptides play important and diverse roles as cotransmitters and are found in most, probably all, neurons. Consistent with their role as neuromodulators, many neuropeptides have a widespread distribution and thus their functions are context dependent (48) . NPY exemplifies this diversity. NPY is found throughout the central nervous system (49), where its roles include the regulation of synaptic transmission, food intake, and anxiety (50) (51) (52) . In the periphery, NPY is released from postganglionic sympathetic neurons and regulates vasoconstriction (53) .
If NPY is a neuropeptide with a wide anatomical distribution, AgRP occupies the opposite extreme. In the central nervous system apart from a population of NPY/ AgRP/GABAergic cells in the arcuate nucleus, AgRP is found in very few neurons (30, 54) . In the periphery, the primary site of expression is the adrenal, where its precise location and function has been mysterious (13, 17) . Using multiple approaches, we find this neuropeptide is predominantly synthesized by a population of chromaffin cells in the adrenal medulla that coexpress NPY and release the catecholamines. Although this is in contrast to a previous report (17) , it accords with the idea that adrenal cortical cells are largely steroidogenic. Although AgRP is present in the medulla, we do not exclude the possibility that cortical cells can also express AgRP under some circumstances. However, with rare exceptions, such as the opioid peptides found in subcapsular cell hyperplasia (55), neuropeptidelike signaling molecules have not been identified in the adrenal cortex. The cortex is also thought to lack the prohormone convertases that are required for the processing of neuropeptide precursors such as AgRP (56, 57) , consistent with a restriction of AgRP expression to the medulla.
The function of AgRP in chromaffin cells is not known, but because adrenalectomy does not alter plasma levels of AgRP (42) , it is likely to act in an autocrine or paracrine manner. One possible function is the modulation of steroid hormone release because exogenous AgRP can inhibit a-MSH-mediated glucocorticoid release from cortical cells in vitro (18) (19) (20) . However, adrenal blood flow is directed centripetally and the gland lacks a portal system (58), making it unlikely that the AgRP released from chromaffin cells is responsible for this action. Because we found that application of a highaffinity melanocortin receptor agonist resulted in a reduction in PPR at the preganglionic → chromaffin cell synapse and that this effect was prevented by a low concentration of AgRP, we favor the idea that the function of medulla AgRP is to presynaptically regulate transmission at this sympathetic synapse [ Fig. 5(d) ]. Although synaptic strengthening and epinephrine release are required for effective glycemic regulation during fasting (28), epinephrine modulates blood pressure and immune function, among many other physiological variables. By acting as a brake on synaptic strength, an inhibitory cotransmitter such as AgRP may reduce the possibility of an unrestrained increase in sympathetic activity.
AgRP can act as an endogenous antagonist at MC3/4 receptors (14) and MC3 and MC4 receptor mRNA has been detected in the rat adrenal gland (18, 20, 43) . These receptors are presumably postsynaptic, but whether they are also expressed by the preganglionic neurons that innervate the adrenal is not known. Sympathetic preganglionic neurons in the intermediolateral cell column in the thoracic spinal cord express MC4R mRNA (59) , and this location corresponds to the site of the preganglionic neurons that innervate the adrenal (60) . MC4 receptors have also been functionally identified in sympathetic preganglionic neurons (61) . Patch clamp recordings from spinal preganglionic sympathetic neurons has shown that a subset are depolarized by THIQ, a selective MC4R agonist (62); because a similar effect was seen in the presence of TTX, it is likely that the action of THIQ was direct (62) . MC4R activation also increases sympathetic outflow (63, 64) . The increase in the preganglionic → chromaffin cell synaptic efficacy we observed is thus consistent with the reported expression of MC4 receptors in other autonomic neurons and the excitatory effect of MC4R activation on sympathetic output in general.
In addition to acting as an MC3/4 receptor antagonist, AgRP can regulate neuronal activity independently of the actions of a-MSH (the endogenous agonist of these receptors). For example, in ventromedial hypothalamic AgRP is expressed by a subset of chromaffin cells, suggesting that it acts as a cotransmitter that locally regulates catecholamine secretion. Because fasting increases both epinephrine release and AgRP expression, the role of the AgRP-mediated negative feedback loop may be to prevent excessive catecholamine release during periods of high sympathoadrenal activity. For simplicity, the adrenal cotransmitters [epinephrine (E), NPY (N), and AgRP (A)] are shown contained in separate populations of dense core granules. **P , 0.01, *P , 0.05. ns, not significant. doi: 10.1210/en.2016-1268 https://academic.oup.com/endoneurons, a-MSH and AgRP both inhibit neuronal activity but through independent mechanisms. These actions of AgRP are mediated through a presynaptic inhibition of excitatory transmission via G i/o (65) . This is inconsistent with the involvement of melanocortin receptors, which act through G s signaling (66) . As shown recently in the paraventricular nucleus, AgRP can also inhibit neuronal excitability by a G protein-independent mechanism that involves the opening of Kir7.1 inward rectifier channels (44) . Thus, depending upon the tissue, AgRP-dependent signaling can extend beyond the regulation of MC3/4 receptor activity. What are the implications for metabolic regulation given the expression of AgRP in adrenergic chromaffin cells? Hypoglycemia and food deprivation are potent stimulators of epinephrine secretion (37, 67, 68) . Fasting also increases the activity of the NPY/AgRP-containing arcuate neurons that control feeding (4, 5, 7, 12, 51) . Although the sympathetic nervous system does not control food intake per se, plasma epinephrine levels also rise sufficiently to contribute to lipolysis during food deprivation (69, 70) ; thus, the AgRP-expressing hypothalamic and adrenal neuroendocrine cells are likely to be coactivated during the counterregulatory response to fasting.
Here we report that activation of MC3/4 receptors (perhaps by a-MSH from the pituitary) (71, 72) leads to an increase in synaptic strength that is blocked by AgRP. We have recently shown that fasting also leads to an NPY-dependent strengthening of the preganglionic → chromaffin cell synapse (28) . Because AgRP and NPY are cotransmitters in a subset of chromaffin cells, these results suggest that one of the roles of AgRP is to activate a negative feedback loop that limits the fasting-induced synaptic strengthening and epinephrine release. Finally, transgenic AgRP mouse lines have been widely used in studies investigating the role of hypothalamic AgRP/NPY neurons in metabolism (3, 73, 74) . Our observation that chromaffin cells can also synthesize this peptide is a reminder that an autonomic contribution to a transgenic phenotype is worth considering.
